Introduction
============

The central extended amygdala (CEA) is a forebrain structure that mediates various stress-induced behaviors. It includes the lateral bed nucleus of the stria terminalis (BSTL), the central amygdala nucleus (CeN), and the cellular streams that join them in the basal forebrain (ie, the sublenticular extended amygdala (SLEAc)) ([@bib2]). The CEA is distinguished in part by its high content of neuropeptides, including corticotrophin-releasing factor (CRF), a modulator of stress responses. The CEA's well-delineated role in stress behaviors such as freezing and startle occurs via its position as a conduit between the amygdala, and hypothalamus and brainstem effector sites (see ([@bib85])). Stressful experiences also precipitate changes in goal-directed responses, including maladaptive responses such as drug seeking, impaired social responses, and compulsive behavior suggesting CEA effects on striatal circuits ([@bib41]; [@bib44]; [@bib51]; [@bib74]). The CEA substructures in both rodent (eg, ([@bib89])) and primate ([@bib20], [@bib21]) project to the dopamine (DA) system with possible consequences for programming complex behaviors through DA-striatal paths.

The striatum mediates specific behavioral responses based on its division into functional zones, as determined by topographically organized cortical inputs. The ventromedial striatum receives input from classic 'limbic' structures, which overlaps partially with inputs from association cortex that terminate more centrally. Associative cortical inputs in turn partially overlap with afferents from sensorimotor cortex, which project dorsolaterally ([@bib7]). DA neurons densely innervate the entire striatum, but do so in a feed-forward series of ascending loops ([@bib30]). The DA subpopulations not only differentially innervate the striatal subregions but are also physiologically heterogeneous with respect to both their intrinsic firing and coding properties ([@bib4]; [@bib45]; [@bib49]; [@bib52]). Although many DA neurons code whether stimuli are more or less rewarding compared to expected value, giving rise to a prediction error or 'teaching' signal (value coding) ([@bib40]; [@bib81]), some DA neurons signal the biological relevance (salience) of both reward and non-reward predicting stimuli (salience coding) ([@bib54]; [@bib55]). While value-coding DA neurons facilitate approach behavior, salience-coding neurons may have a different role in complex behaviors such as orienting, or preparing strategies to avoid potentially aversive cues ([@bib5]; [@bib6]; [@bib54]; [@bib70]; [@bib86]). The anatomic position of DA neurons in monkeys and humans correlates with these physiological properties, and behavioral responses to aversive and appetitive stimuli ([@bib54]; [@bib55]; [@bib67]). The anatomic organization and striatal outputs of DA subpopulations may therefore provide insight into circuit properties in higher primates. Further evidence for circuit delineation as a predictor of DA cell physiology has recently arisen in mouse models, which show that specific input/output circuits are associated with differential firing properties across the midbrain DA system ([@bib4]; [@bib45]; [@bib49]; [@bib52]).

On the basis of evidence that DA subpopulation function may be tied to specific anatomic position and/or connectivity, we used anatomic criteria to define distinct DA subpopulations in nonhuman primates, and mapped the CEA-DA-striatal pathway. Using paired injections in the same animal, and bidirectional tracer studies, we found that large open loops arise from specific nuclei in the amygdala to target the posterior BSTL (BSTLP), the SLEAc, and medial CeN (CeM). In turn, the entire BSTLP-SLEAc-CeM continuum---enriched in CRF-positive cells---largely terminates over the PBP of the A10 neurons, and over the retrorubal field (RRF, A8 group), with more modest input to the dorsal SNc. In contrast, there was relatively less input to classic midline ventral tegmental area subnuclei (VTA). Finally, using bidirectional injections into the midbrain DA neurons, we found that PBP and A8 subregions that received CEA input projected specifically to striatal sectors where limbic and association cortical inputs converge, suggesting that the CEA-DA path enables salience information to influence cognitive programs.

Materials and methods
=====================

Overall Design
--------------

Two groups of animals were used: (Study 1) to study the scope of anterograde input to the DA system, tracers with bidirectional properties Lucifer yellow (LY), Fluorescein (FS), and Fluororuby (FR) (Molecular Probes, Temecula, CA, USA) were pressure injected into the BSTL and CeN. The distribution of labeled fibers across the mediolateral and rostrocaudal extent of the ventral midbrain was then mapped To assess the relative overlap of anterogradely labeled fibers within specific DA subpopulations, adjacent sections through the midbrain, labeled for markers of the dorsal and ventral tier, were used (see Analysis, below). (Study 2) using anterograde results from Study 1 as a guide, we placed bidirectional and retrograde tracer injections into relevant DA neuronal subpopulations. Thirteen injections of the bidirectional tracers LY, FS, FR or the retrograde tracer wheat germ agglutinin-horse radish peroxidase (WGA-HRP) were placed at various rostrocaudal and mediolateral sites in ventral midbrain. In a subset of cases with ventral midbrain injections, one or more anterograde injections were also placed into the amygdala (using tracers that were different from those injected into the ventral midbrain). Cases with paired amygdala/ventral midbrain injections (*n*=18 injection pairs) were used to determine the general pattern of overlap between anterogradely labeled fibers from the amygdala and DA-projecting cells in the CEA across all animals. We then analyzed specific the patterns of overlap resulting from paired injections placed within individual animals. We also determined the proportion of retrogradely labeled cells in the CEA that co-contain CRF-immunoreactivity(IR), analyzing cases according to injection site position within the DA subpopulations. Finally, using individual cases with bidirectional tracer injections into the ventral midbrain subpopulations, we determined the specificity of nigro-striatal paths associated with CEA input.

Surgeries
---------

Fourteen old-world male monkeys between the ages of 3 and 8 years (World Wide Primates, Tallahassee, FL, USA; Three Springs Laboratories, Pekaski, PA; Labs of Virginia, Yemassee, SC; Alpha Genesis, Yemassee, SC, USA) received multiple injections of neuronal tracers. To reduce animal use, some of the injections placed in the amygdala and CEA (Study 2) were mapped as parts of other studies ([@bib9]; [@bib15]; [@bib63]). All experiments were carried out in accordance with National Institute of Health guidelines. Experimental design and techniques were aimed at minimizing animal use and suffering and were reviewed by the University of Rochester Committee on Animal Research. For Study 1, we placed small injections (40 nl) of LY (10%, Molecular Probes, Eugene, OR), FR (4%, Molecular Probes), and FS (10%, Molecular Probes) into the BSTL and CeN. For Study 2, we placed bidirectional tracer injections (LY, FR, FS) or the retrograde tracer WGA-HRP into various levels of the ventral midbrain. For some animals, additional anterograde injections were placed into the amygdala with one of the bidirectional tracers not used in the ventral midbrain injections (40 nl of LY, FR, FS), or 200 nl of tritiated amino acids (AA) (1:1 ratio of tritiated proline and leucine: PerkinElmer, Boston, MA, USA). See [Supplementary Methods](#sup1){ref-type="supplementary-material"} for further details.

Single Label Immunocytochemistry
--------------------------------

### Tracer IR

Sections (1:8) through the brain were immunostained for each tracer in each animal. Optimal dilutions were established in condition-setting experiments before use. See [Supplementary Methods](#sup1){ref-type="supplementary-material"} for details. Detection of these tracer molecules in tract-tracing has been extensively documented in studies showing that there is no cross-reactivity of antibodies to FR, FS, and LY ([@bib9]; [@bib30]). In our experience FR, FS, LY and AA have similar anterograde properties, and are sensitive indicators of terminal fields when survival is between 10 and 14 days. In the retrograde studies, FR, FS, and LY have similar retrograde properties; when placed in identical sites, WGA results in more retrogradely labeled cells than FR, FS, and LY injections, but results in similar distribution patterns.

### Calbindin D28k (CaBP), G-protein-regulated inward-rectifier potassium channel 2 (Girk2), CRF, and tyrosine hydroxylase (TH) IR

To determine the boundaries of the DA subpopulations, adjacent sections were immunostained for TH (a marker for DA in the ventral midbrain([@bib68])), CaBP (a marker of the 'dorsal tier' DA subpopulation) ([@bib23]; [@bib29]; [@bib47]; [@bib60]; [@bib88]), and Girk2. Girk2-IR (and mRNA) is relatively higher in the A9 neurons of the 'ventral tier' (although it is not exclusively expressed there) ([@bib11]; [@bib75]; [@bib80]). While the nomenclature of the DA subpopulations has varied with time (see Analysis), the use of CaBP-IR to denote a continuum of dorsally located TH-positive cells is established across species.

CaBP-IR was also used to determine the boundary between the primate globus pallidus (CaBP-positive) and SLEAc ([@bib12]) in the retrograde component of Study 2. The corridor occupied by the SLEAc has low CaBP-IR, as well high levels of neuropeptides such CRF and neurotensin, among others (eg, ([@bib15])). See [Supplementary Methods](#sup1){ref-type="supplementary-material"} for technical details.

### Acetylcholinesterase (AChE) staining

Subdivisions of the CEA were assessed AChE using the Geneser technique ([@bib24]) (see [Figure 1a--g](#fig1){ref-type="fig"}). This stain and its relationship to neuropeptide immunoreactivity of CEA subdivisions has been previously established in human([@bib34]) and nonhuman primate ([@bib15]).

Double Label Immunofluorescent Cytochemistry
--------------------------------------------

### CRF/CaBP, CRF/TH, CRF/tracer

In Study 2, the relationships between CRF-positive fibers and the DA subpopulations were assessed with CRF/TH and CRF/CaBP immunofluorescence. The proportion of tracer-labeled cells in the CEA that co-expressed CRF-IR was also determined in Study 2. 1:24 sections (from tracer injected cases) were fluorescently labeled sequentially with CRF and anti-wheat germ agglutinin (WGA) antibodies. (Sections containing the tracers FS and FR were processed only for CRF-IR, as these tracers have fluorescent properties.) See [Supplementary Methods](#sup1){ref-type="supplementary-material"} for additional details.

Analyses
--------

### Subdivision of the DA subpopulations

The A10 neurons comprise the VTA and its various subnuclei, and the contiguous dorsal expanse of TH-positive neurons that stretch under the red nucleus known as the PBP. The PBP is in the 'dorsal tier', and was previously grouped in the A9 subpopulation (Cho and Fudge, [@bib10]; [@bib19]), based on classic studies that referred to this region as the 'pars dorsalis'(ϒ group) of the A9 neurons ([@bib65]). However, accumulated evidence on the cellular and histochemical features across species now indicate that the PBP is more properly considered part of the A10 group ([@bib33]; [@bib60]; [@bib64]; [@bib77]). The A10 DA cells have high levels of CABP ([@bib32]), and are considered part of the 'dorsal tier'. In contrast, the majority of A9 neurons of the substantia nigra, pars compacta (SNc) lack CaBP-IR, and contain relatively higher levels Girk2-IR. They are referred to as the 'ventral tier'. It is important to appreciate, however, that some Girk2-IR cells occupy the dorsal tier ([@bib75]), and some CaBP-IR cells are found in the 'ventral tier'([@bib59]). The ventral tier A9 neurons have been divided into medial, dorsal, lateral and ventral groups by [@bib60]. The A8 neurons emerge laterally and are most prominent in the caudal third of the midbrain, and like the A10 neurons, are CaBP-positive and are included in the 'dorsal tier'.

### CRF/tracer in the CEA-DA path

Immunofluorescent images were collected on a Leica DM 5500B epifluorescent microscope at × 40 magnification (HCX PL APO; 40X/1.30 Oil) mounted with a Leica DFC 3654-FX digital camera. The following filter cubes were used: L5 (Alexa Fluor 488; L5 ET, k; BP480/40; Leica) TX2 (AlexaFluor 568; TXR ET, k; BP 560/40; Leica) and Y5 (AlexaFluor 647; Y5 ET, k; BP 620/60; Leica) were used. Fluorescent images were captured using the Leica Application Suite software (LASX; v. 2.0) and post-processing done using the LASX 3D Power Package Following z-series collection (0.2 um per step; \~25 um per ROI), images were further deconvolved to removed background fluorescence and amplify specific cellular labeling (Process: Blind with 15 iterations). De-convoluted images were analyzed using the LASX Software. Ten × 40-magnified regions within the BSTL and CeN were analyzed within each case. Ten randomly sampled cells in each × 40 field (100 cells per case) were reviewed in each channel and the absence or presence of label was recorded. Cell bodies that were filled with stain with clear cellular borders were included: if the cell soma was filled with either bright green or bright red fluorescent label it was considered single-labeled. Only cells that contained yellow throughout the soma were considered double labeled. The neuropil in the BSTL and CeN contained both CRF-positive and tracer-positive processes, as expected, and there were punctate contacts between fine processes and some cell soma, seen as tiny specks of label at the cell perimeter. For example, cell bodies that were homogeneously filled with green, indicating a tracer-labeled cell, might have CRF-positive (red) fibers passing by the soma (seen as speckles of red), or contacting the soma (seen as specks of yellow on the cell perimeter). The presence of punctate elements near or on the cell surface was interpreted as intrinsic contacts between cells, and did not alter criteria for single or double-labeled cells. Statistical analysis was performed using Prism VI statistical analysis software (GraphPad Software, Inc., La Jolla, CA). All values reported are the mean±SEM. For all analysis, significance was based on *α*=0.05. When comparing between groups, significance was determined using two-tailed unpaired Student *t*-tests.

Results
=======

Organization of CEA Subdivisions in Nonhuman Primate
----------------------------------------------------

The BSTL is the rostral pole of the CEA, located beneath the ventral caudate nucleus, and extends under and behind the decussation of the anterior commissure ([Figure 1a--d](#fig1){ref-type="fig"}). The CeN resides in the caudal half of the dorsal amygdala ([Figure 1e--h](#fig1){ref-type="fig"}). We use the nomenclature of Heimer ([@bib34]) and Martin ([@bib53]) (these CEA designations are also used in rodent ([@bib56]) although multiple naming systems exist ([@bib16])). The posterolateral subdivision of the BSTL (BSTLP) and medial subdivision of the CeN (CeM) have a heterogeneous cell population, including 'pallidal-like' cells, which continue without interruption into the central SLEAc. The SLEAc stream of cells in turn continues its trajectory under the globus pallidus. The BSTLP and CeM each surround a central lateral subdivision, or 'core' (BSTLcn and CeLcn, respectively). Both the BSTLcn and CeLcn have relatively low acetylcholinesterase (AChE) staining, and high levels of neuropeptides ([@bib15]; [@bib34]; [@bib53]). A 'striatal-like' zone that is relatively high in AChE, similar to the neighboring striatum, is also found in both the BSTL and CeN. In the BSTL, the striatal-like zone is the juxtacapsular subdivision (BSTLJ), and in the CeN, it is the amygdalostriatal area (Astr). Both of these regions extend a 'capsule' surrounding the BSTLcn and CeLcn, but in the monkey this 'capsular' subdivision mostly is thin and fibrous with relatively few cellular elements.

Structural Heterogeneity of DA System in Nonhuman Primate
---------------------------------------------------------

The majority of DA neurons in the VTA, including those of the contiguous PBP ([Figure 1h](#fig1){ref-type="fig"}), are CaBP-positive, as are many DA neurons in the RRF. These cells comprise the 'dorsal tier' neurons of the ventral midbrain DA system. In contrast, the ventral tier neurons of the pars compacta are mostly CaBP-negative but contain high concentrations of Girk2-IR ([Figure 1j](#fig1){ref-type="fig"}). When charted, Girk2-positive neurons revealed the organization of the A9 medial, dorsal, ventral and lateral regions as previously documented ([@bib60])([Figure 1h](#fig1){ref-type="fig"}.) Girk2-positive cells were also found in the A10 and A8 subpopulations in a less homogeneous distribution. In the caudal half of the midbrain (not shown), the A8 neurons are CaBP+ and lie dorsomedial to the medial lemniscus, and lateral to the VTA, with CaBP-negative ventral tier (A9) neurons occupying a relatively small region ventrally.

Study 1: The BSTL and CeN Mainly Target the PBP and RRF
-------------------------------------------------------

We first examined anterogradely labeled fibers after injections into the two 'poles' of the CEA: four injections into the BSTL and four into the CeN (Study 1). All injections into the BSTL and CeN subdivisions resulted in labeled fibers over the dorsal tier (A10 and A8) neurons, with encroachment on medial, dorsal, and lateral regions of the ventral tier ([Figure 2](#fig2){ref-type="fig"}, A9 neurons, in gray). Although smaller injections resulted in sparser concentrations of labeled terminals overall, the distribution of labeled fibers in the ventral midbrain was very similar for all injection sites. Within the dorsal tier, anterogradely labeled fibers terminated most densely over the PBP and the A8 (RRF) neuronal groups, while much of the classic VTA had a relatively light distribution of tracer-containing fibers. BSTL injections resulted in a slightly greater density of labeled fibers in the rostromedial VTA compared with cases with CeN injections. This suggested a slight overall rostrocaudal (BSTL-CeN) to medial-lateral (ventral midbrain) shift in the afferent projection from the CEA as a whole. Yet for all BSTL and CeN injections, the PBP and RRF received the highest density of labeled fibers.

Study 2: PBP and A8 Inputs Arise From Specific CEA Subdivisions
---------------------------------------------------------------

To visualize which CEA subdivisions provide input to the PBP and A8 neurons, tracers with bidirectional and retrograde properties were injected into the PBP and A8 subpopulations at different rostrocaudal and mediolateral levels (*n*=13, [Figure 3](#fig3){ref-type="fig"}). There were labeled cells in the CEA following every injection that included either the PBP or A8 neurons, and relatively few labeled cells after injections confined to the A9 ventral tier neurons (cases J20FR, J14WGA), confirming anterograde results ([Figure 4](#fig4){ref-type="fig"}). The majority of labeled cells following injections into PBP and A8 neurons were in the BSTLP, SLEAc and CeM, and were distributed in a relatively continuous fashion ([Figure 4a--e](#fig4){ref-type="fig"}). In the SLEAc, tracer-labeled cells were medium-sized neurons that surrounded the large cholinergic cell islands. The BSTLJ and ventral caudate, and Astr and ventromedial putamen, also had moderate numbers of retrogradely labeled cells. In contrast, there were relatively few labeled cells in the BSTLcn and CeLcn following any injection ([Figure 4a--g](#fig4){ref-type="fig"}).

The CeM/SLEAc/BSTLP Receive Broad Input from the Basal Nucleus, Accessory Basal Nucleus and Amygdalohippocampal Area
--------------------------------------------------------------------------------------------------------------------

We examined 16 cases of injections into the lateral, basal, and accessory basal nuclei and amygdalohippocampal area to determine the pattern of anterograde fiber distribution in all CEA subdivisions. Collective anterograde results are schematized in [Figure 5a](#fig5){ref-type="fig"}. All injections into the basal and accessory basal nuclei and the amygdalohippocampal area resulted in discontinuous patches of fine, beaded fibers throughout the CeM, BSTLP and SLEAc (gray). Only injections into the ventromedial basal nucleus and corticoamygdaloid transition region (pink) resulted in dense concentrations of labeled fibers in the BSTLcn and CeLcn, as well as labeled fibers to the CeM, SLEAc, and BSTLP ([Figure 5a and c, c'](#fig5){ref-type="fig"}). These amygdala regions are transition zones between the periamygdaloid cortex (PACs) and entorhinal cortex and hippocampus in the primate (and are also referred to as the amygdalopiriform area ([@bib14]) and sulcal division of the PACs ([@bib73])). The ventromedial basal nucleus and corticoamygdaloid transition area have also been likened to the amygdalopiriform area in rodents although, in contrast to rodents, they are not adjacent to the piriform cortex. The relatively dense and focused inputs to the BSTLcn and CeLcn from these transitional zones resembles amygdalopiriform area projections in the rat ([@bib57]; [@bib82]). There were few to no anterogradely labeled fibers in the CEA after several large injections into the lateral nucleus, except for patches of anterogradely labeled fibers in the BSTLJ and Astr.

The distribution of labeled fine fibers with boutons, originating from injections in the basal and accessory basal nuclei and amygdalohippocampal area, aligned with labeled cells resulting from retrograde tracer injections into the ventral midbrain that included the PBP and A8 subregions ([Figure 5a and b](#fig5){ref-type="fig"}). Although the precise position of overlapping retrogradely labeled cells and anterogradely labeled terminals within the BSTLP-SLEAc-CeM varied depending on the location and size of individual injections, overlapping patches of labeled cells and fibers were found in all cases along the entire BSTLP-SLEAc-CeM trajectory (eg, case J15: [Figure 5e--k](#fig5){ref-type="fig"}). The BSTLcn and CeLcn had a relatively light distribution of retrogradely labeled cells following all nigral injections, and dense concentrations of anterogradely labeled fibers after injections into the ventral basal nucleus and corticoamygdaloid area (CTA) ([Figure 5c'](#fig5){ref-type="fig"}). Therefore, the ventral basal nucleus and CTA circuit to the BSTLcn and CeLcn did not have a direct effect on CEA outputs to the DA system. Since the BSTLcn and CeLcn are intrinsic modulators of CEA outputs ([@bib71]), this subcircuit can indirectly modulate the PBP and A8 neuronal subpopulations via intrinsic control of BSTLP-SLEAc-CeM efferents.

CRF Content in CeM/SLEAc/BSTL Projection to the DA Neuronal Subpopulations
--------------------------------------------------------------------------

The CeM, SLEAc and BSTLP contain CRF-labeled cells ([@bib3]; [@bib13]). In contrast to the dense concentrations of CRF neurons in the BSTLcn and CeLcn, CRF-positive cells in the CeM-SLEAc-BSTLP corridor are relatively diffusely distributed over larger areas, and are difficult to appreciate in single-plane and low power views. To adequately estimate the proportion of tracer-positive cells that contained CRF-IR, we sampled tracer-containing neurons through the *Z*-plane under high magnification (× 40) in five areas of the BSTLP and CeM in two adjacent sections ([Figure 6a--c](#fig6){ref-type="fig"}). Approximately 80% of tracer-labeled cells contained CRF-IR in both the BSTLP and CeM, with similar proportions in each region ([Figure 6d and e](#fig6){ref-type="fig"}, paired Student *t*-test, *P*=0.8263, df 8). There were also no significant differences in the proportion of CRF+tracer/tracer labeled cells across PBP or RRF injections (Student's *t*-test, *P*=0.6029, df 16).

In control tissue from non-injected animals, CRF-positive fibers were densely distributed over the entire dorsal tier, including the midline nuclei of the VTA ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). The mismatch between high levels of CRF-positive fibers, and the relatively low density of anterogradely labeled fibers in the medial VTA nuclei after BSTL and CeN injections (Study 1), suggests that CRF-containing cell populations outside the CEA provide innervation of the midline VTA nuclei. CRF-positive fibers in the PBP and RRF, which followed the same trajectory as anterogradely labeled fibers from the BSTL and CeN, formed fine, highly beaded fiber patches, with individual labeled fibers encircling and closely apposed to some TH-positive (and CaBP-positive) neurons ([Supplementary Figures 1c, f, i and l](#sup1){ref-type="supplementary-material"}).

CEA-DA-Striatal Loops
---------------------

The pattern of anterogradely labeled fibers in the striatum was analyzed for five cases with bidirectional tracer injections encompassing different DA subpopulations. Four injections were placed to include the dorsal tier subregions that were overlapped by many anterogradely labeled fibers in Study 1: medial PBP (case J15FR, red), central PBP (case J21FS orange), and A8, RRF (case J29FSblack, case J19FS, pink). One injection was confined to the A9 ventral tier (J20FR, turquoise) ([Figure 7](#fig7){ref-type="fig"}). The PBP and A8 (RRF) injections resulted in labeled cells in the CeM-SLEAc-BSTLP continuum, and anterogradely labeled fibers in the rostral central striatum and ventrolateral shell of the nucleus accumbens ([Figure 7a--c](#fig7){ref-type="fig"}). The rostral ventral and medial shell of the nucleus accumbens was devoid of labeled fibers. The dorsolateral striatum was also without anterograde labeling. In the caudal striatum, labeled fibers were clustered in the ventromedial body of the caudate nucleus and the ventromedial putamen ([Figure 7d--g](#fig7){ref-type="fig"}), while the dorsolateral caudate nucleus and putamen were devoid of labeled fibers. Conversely, the injection in A9 ventral tier resulted in few to no labeled cells in the CEA, and produced many dense aggregates of labeled fibers throughout the dorsolateral striatum at all rostrocaudal levels ([Figure 7](#fig7){ref-type="fig"}, top, a'--g'), avoiding the central and ventral striatum. Comparing striatal innervation at all rostrocaudal levels for the five cases revealed that there was little overlap between projections from DA neuronal subpopulations that receive CEA input (PBP and A8) and those that do not (A9 ventral tier)(eg, [Figure 7](#fig7){ref-type="fig"}, top: a to a', b to b', f to f', pink asterisks).

Discussion
==========

While CeN and BSTL inputs to the midbrain DA system are long known ([@bib17]; [@bib20], [@bib21]; [@bib25]; [@bib26]; [@bib43]; [@bib48]; [@bib87]; [@bib89]; [@bib90]), the organization of inputs from the entire CEA to specific DA neuronal subpopulations in nonhuman primates has not been mapped. Our data show that the entire CeM-SLEAc-BSTLP trajectory has a direct input to the PBP and RRF regions of the ventral midbrain, with relatively less input to the medial VTA subnuclei. There was also modest input to the dorsal ventral tier (A9). Dual injections in the same animal indicated a tight spatial overlap between anterogradely labeled fibers issuing from the amygdala, and retrogradely labeled cells resulting from injections encompassing the PBP and A8 neuron groups along the entire CeM-SLEAc-BSTLP corridor. The majority of CEA neurons that sent projections to these neuronal populations contained CRF. The PBP and A8 neuronal groups that receive CRF-enriched CEA inputs focus their efferent projections onto the rostral, central striatum, and the caudal ventromedial striatum. Previous work shows that these striatal regions receive inputs from dorsal anterior cingulate, orbitofrontal cortex and dorsolateral prefrontal cortex, creating a limbic-association interface (see below). In sum, the amygdala communicates with PBP, A8 and dorsal A9 subpopulations through a CRF-enriched CEA pathway, to in turn modulate striatal regions linked to limbic-associative responses.

CEA is a Continuous Interface Between Amygdala and DA System
------------------------------------------------------------

A key finding of these studies is that projections to the CEA (from the amygdala) and from the CEA (to the DA neuronal groups) were subdivision-specific (ie, based on the intrinsic organization of the CEA) rather than following a rostral (BSTL)-caudal (CeN) topography. Prior studies of individual pathways from the BSTL and CeN in mice ([@bib39]), rats eg, ([@bib16]; [@bib38]; [@bib43]) and monkey ([@bib15]; [@bib22]; [@bib72]) detail specifics of amygdala and BSTL or CeN connectivity. Here, we used combinations of anterograde and retrograde injections to assess input/outputs from the entire CEA macrostructure across and within individual animals. The entire CeM-SLEAc-BSTLP receives information from the basal/accessory basal nucleus and amygdalohippocampal area; labeled fibers conveying these inputs overlap CEA cells that project to the PBP and A8, and dorsal A9 subpopulations. In parallel, the CeLcn and BSTLcn together received strong, albeit restricted, innervation from the ventromedial basal nucleus/CTA (analog of the rodent amygdalopiriform area) but few other amygdala nuclei, and had relatively less direct afferentation of ventral midbrain DA system. Amygdala efferents did not favor the BSTL or CeN, nor was there a differential output from the BSTL and CeN. Instead, histochemically symmetrical components of the CEA are innervated by the amygdala, and send efferents to the ventral midbrain, in an 'all or nothing' manner.

The concept of the CEA as a continuous macrostructure ([@bib2]; [@bib37]), is based in part on neurochemical 'symmetry' of its subdivisions at the two poles of the BSTL and CeN ([@bib1]). The implication is that symmetrical subdivisions provide clues as to the connectional and functional organization of the macrostructure. The fact that amygdala-CEA-DA projections are organized through histochemically similar subdivisions, lends support to the concept of the 'extended amygdala'. This organization is important for understanding amygdala afferent control of the midbrain DA system.

CEA Inputs Define a DA Path to the 'Limbic-Associative' Striatum in Monkeys
---------------------------------------------------------------------------

Previous studies in monkeys show that DA cells well outside of the classic (midline) VTA send input to the 'limbic' structures of the ventral striatum ([@bib30]) and amygdala ([@bib10]). Here, we found a sharp decline in inputs from the BSTL and CeN at the lateral boundary of the classic VTA, with most labeled axons terminating among the PBP neurons and A8 neurons, with some encroachment on the dorsal A9 region. The location of the PBP, A8, and dorsal A9 neurons fits those of the 'salience-detecting' neurons in the primate ([@bib54]; [@bib55]). In turn, we found that these subregions (presumptive 'salience' neurons) project to striatal zones that also receive converging inputs from the orbitofrontal cortex, dorsal anterior cingulate, and dorsolateral prefrontal circuits (for review ([@bib28])). We refer to this striatal region as 'limbic-associative striatum' due to highly interleaved projections from cortical regions that play roles in flexibly altering cognitive strategies when options or potential opportunities change ([@bib62]; [@bib78]). In contrast, the ventromedial striatum (which receives relatively more inputs from the ventromedial cingulate (eg, area 25) ([@bib31])) and the dorsolateral striatum (which receives input from premotor and motor cortices ([@bib7])), are relatively excluded from the CEA-DA-striatal circuit.

The CEA projections to the DA system are critical for 'surprise-enhancement' of associative learning in rats (reviewed in ([@bib36]; [@bib58])). Surprise-enhanced learning occurs when conditioning cues are paired with unconditioned cues in an unpredicted fashion. This results in faster associative learning compared with when cues are predictably presented together ([@bib18]). In contrast to predicted pairings, which reinforce approach behavior, unpredicted cue pairings increase attention and learning. These dissociations raise the possibility that approach and associative learning functions may be sub-served by different DA subcircuits.

Here, we present anatomic data in primates that show that the CEA is wired to be a direct route by which information about unpredicted, salient events can alter DA activity, with downstream modulatory effects on striatal regions involved in planning and decision-making. DA activity in this specific path may enhance learning and coping strategies in the face of unpredicted events, as opposed to 'approach' behaviors in the ventromedial striatum. Unpredicted events challenge the animal to redirect its energies, and are therefore broadly defined as 'stressors' ([@bib42]). Defined in this way, stressors can energize new strategies to promote adaptation, or---depending on duration and controllability---can become overwhelming and deleterious. The ability to cope effectively and flexibly with new information may depend on CEA inputs to decision-making and planning circuits via specific DA subpopulations. Interestingly, we found that these CEA-DA circuits co-contain CRF peptide, suggesting a role for this 'stress' neuromodulator in shaping these responses.

Challenges for Translational Studies
------------------------------------

DA neuronal function is more heterogeneous than previously thought, and the physiologic properties of individual DA cells may be circuit-dependent, based on mouse models ([@bib4]; [@bib46]; [@bib49]; [@bib91]). Despite rapidly emerging evidence that specific circuits drive differential DA responses and behaviors, direct translation to the nonhuman primate is difficult. Across species, there are positional shifts in the main DA subpopulations, relative expansion of some DA subpopulations (ie, the PBP and A8 group), and large differences in the proportion of dopaminergic to non-dopaminergic cells in the various neuronal subpopulations ([@bib19]; [@bib33]; [@bib35]; [@bib50]; [@bib61]; [@bib79]; [@bib84]). A critical translational need is to identify the molecular and physiological phenotypes of midbrain DA neurons in monkeys and humans, and their specific input/outputs, in order to understand DA circuit function in humans.

As noted, in monkeys, midbrain DA neurons code reward prediction errors to enable reinforcement learning ([@bib81]), but some DA neurons also emit signals related to salience of non-rewarding stimuli, including aversive events ([@bib54]; [@bib55]). Value-coding neurons have been localized to the VTA and ventromedial SNc, and salience encoding neurons found in the ventromedial and dorsolateral SNc, including the RRF. In human neuroimaging studies, 'VTA/ ventromedial SNc' activations correlate with appetitive learning, whereas 'dorsolateral SNc/RRF' activity is most correlated with cues that predict aversive outcomes ([@bib67]). These functional general dissociations, however, have yet to be correlated with specific DA subpopulations and their circuits in higher species.

Although we found that CRF was highly expressed in the CEA-DA path, consistent with the situation in rodents ([@bib8]; [@bib27]), the extent to which it co-localizes in GABAergic *vs* glutamatergic neurons in these projections is an open question. In rat VTA, CRF-positive terminals are found on both dopaminergic and non-dopaminergic neurons, and 90% of CRF-positive synapses on DA cells are asymmetric (excitatory) ([@bib83]). As a 'neuroregulator', CRF exerts effects by altering intracellular signaling to facilitate or inhibit the effects of co-released primary transmitters or neuromodulators ([@bib66]). Like many neuropeptides, CRF facilitates release of calcium from intracellular stores ([@bib69]), and may thus enable fine-tuning of DA spiking across relatively long time periods ([@bib66]; [@bib76]). To understand how CRF mechanistically alters post-synaptic responses through the CEA inputs, it will be critical to understand how it is co-localized with primary transmitters.

Equally important will be understanding basic questions such as the diversity of cell types that receive and send projections through this circuit. There is renewed interest in exploring DA neuron diversity in primate studies in order to achieve insights into primate-specific behaviors that are influenced by the DA system ([@bib77]). For the specifics of the CEA-DA-striatal path, many questions exist. What is the ratio of dopaminergic to non-dopaminergic cells across the PBP and A8, and what are their neurochemical profiles? Which cell types are the main post-synaptic partners of CEA axons, and does this differ by subregion? Do CRF-containing terminals indeed contact DA cells that project to the striatum? The answer to these and other questions must be answered at the synaptic level. Although getting answers will require extensive sampling given the size of the primate brain, we now have the circuit map to move forward with these important questions.
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![(a--g) The subdivisions of the BSTL (a, b--d) and CeN (a, e--g) in the nonhuman primate in sections stained with AChE. (h--j) Subdivisions of the primate ventral midbrain DA neurons. Adjacent sections through the ventral midbrain immunostained for CaBP (i) and Girk2 (j). Cell bodies containing CaBP-IR (green) and Girk2-IR (pink) were charted and are overlaid on their respective images in i and j, and on each other in h, matching landmarks, to show the general organization of the DA subpopulations. IIIn, third nerve; AC, anterior commissure; Astr, amygdalostriatal area; BSTLcn, bed nucleus of the stria terminalis, lateral central subdivision; BSTLJ, bed nucleus of the stria terminalis, juxtacapsular subdivision; BSTLP, bed nucleus of the stria terminalis, lateral posterior subdivision; BSTLM, bed nucleus of the stria terminalis, medial subdivision; C, caudate nucleus; CeLcn, central nucleus, lateral central subdivision; CeM, central nucleus, medial subdivision; f, fornix; GP, globus pallidus; GPe, globus pallidus, external division; IC, internal capsule; OT, optic tract; P, putamen; RN, red nucleus; SLEAc, sublenticular extended amygdala, central subdivision; VP, ventral pallidum. Scale bar, 1 mm. A full color version of this figure is available at the *Neuropsychopharmacology* journal online.](npp201738f1){#fig1}

![Collective view showing that anterogradely labeled fibers from the BSTL (a--d) and CeN (a'--d') injections terminate mainly over the dorsal tier neurons with some encroachment on the A9 (ventral tier) neurons (gray). Photomicrographs show representative tracer injections in the BSTL (J28LY) and the CeN (J1FR) with adjacent sections labeled for either somatostatin (J28SST) or TH (J1TH) to localize relative injection site placement within nuclear subdivisions. FR, fluororuby conjugated to dextran amine; FS, fluorescein conjugated to dextran amine; LY, Lucifer yellow conjugated to dextran amine. Scale bar, 500 μm.](npp201738f2){#fig2}

![Schematic representation of all injections into the ventral midbrain. Injections that include the PBP or A8 neurons are in dark gray and injections outside these neuronal subpopulations are in light gray. Panels show representative photomicrographs (a--c) of retrograde/bidirectional tracer injections into the DA neuronal subpopulations and adjacent sections labeled with CaBP (a'--c') to determine boundaries. FR, fluororuby conjugated to dextran amine; FS, fluorescein conjugated to dextran amine; WGA, wheat germ agglutinin-horse radish peroxidase. Scale bar, 500 μm.](npp201738f3){#fig3}

![Collective view of retrogradely labeled cells in the CEA following all injections that encompassed the PBP and A8 subpopulations (a--e). All injections result in a continuous stream of labeled cells in the CeM-SLEAc-BSTLP, but fewer labeled cells in the BSTLcn and CeLcn. (f) Photomicrograph of the pattern of retrogradely labeled cells in the BSTL in an individual case (J15WGA) and an adjacent section (g) stained with AChE. Scale bar, 1mm.](npp201738f4){#fig4}

![(a, b) Schematic representations depicting collective inputs from the amygdala to CEA subdivisions (a), and collective outputs from the CEA subdivisions to the PBP and A8 subpopulations (b). In a, all injections (gray and pink) resulted in anterogradely labeled fibers along the CeM-SLEAc-BSTLP. Only injections into the ventromedial basal nucleus/CTA region (pink) resulted in additional strong inputs to the BSTLcn and CeLcn. This is illustrated in individual cases. (c--d) Case J8FR (basal nucleus injection) in which anterogradely labeled fibers are found in the BSTL and CeM, with relatively few in the BSTLcn and CeLcn. (c', d') Case J20LY, with an injection in the ventromedial basal nucleus/CTA, results in additional strong input to the BSTLcn and CeLcn. (e-g). Relationships between input/outputs demonstrated in three injections in the same animal (J15). (h-k). Anterograde tracer from the amygdalohippocampal area (AHA, J15AA) in black, anterograde tracer from the ventromedial basal nucleus//CTA is shown in pink (J15FS), and retrogradely labeled cells from the medial PBP (J15WGA) in green seen at two levels of the BSTL (h--i) and CeN (j--k). AB, accessory basal nucleus; AHA, amygdalohippocampal area; B, basal nucleus; BSTLcn, bed nucleus of the stria terminalis, lateral central division; BSTLJ, bed nucleus of the stria terminalis, lateral juxtacapsular division; BSTLP, bed nucleus of the stria terminalis, lateral posterior division; C, caudate; CeLcn, central nucleus, lateral central division; CeM, central nucleus medial subdivision; CTA, corticoamygdaloid transition area; GP, globus pallidus; H, hippocampus; IC, internal capsule; L, lateral nucleus; M, medial nucleus; OT, optic tract; P, putamen; PBP, parabrachial pigmented nucleus; RN, red nucleus; SLEAc, sublenticular extended amygdala, central subdivision; VTA, ventral tegmental area. Scale bars, 500 μm. A full color version of this figure is available at the *Neuropsychopharmacology* journal online.](npp201738f5){#fig5}

![CRF content in CeM/SLEAc/BSTL projections to the DA cells. (a) Representative example of CRF (red) and tracer labeling (green) in the BSTLP demonstrating the dense concentration of CRF neurons. Populations of single-labeled CRF cells (white asterisks), tracer-only labeled cells (white arrow) and dual labeled cells were found (white arrow head) in both the BSTL and CeN. High power images were assessed for quantification, before (b) and after (c) deconvolution. (d) Quantitative analysis of the proportion of CRF/tracer double-labeled cells in BSTL and CeN showed no significant difference. (e) Quantitative analysis of CRF/tracer labeled cells in BSTL (blue dots) and CeN (red dots) following injections into PBP or A8 showed no significant differences. Scale bar, 50 μm (a); 25 μm (b, c). A full color version of this figure is available at the *Neuropsychopharmacology* journal online.](npp201738f6){#fig6}

![Collective view of the distribution of anterogradely labeled fibers in the striatum after injections that targeted the PBP and/or A8 subpopulations, and resulted in retrogradely labeled cells in the CEA (a--g). An injection into the A9 ventral tier that had few labeled cells in the CEA resulted in many anterogradely labeled fibers in the dorsal striatum (a'--g'). Pink asterisks in a, a', b, b' and f, f' show examples where anterogradely labeled fibers from the A9 ventral tier injection (blue) form patches that are dorsolaterally adjacent to labeled fibers originating from all PBP/A8 injection sites. This relationship is seen through the entire rostrocaudal extent of the striatum, ie, there is little overlap between the PBP/A8 projections and the A9 ventral tier projection. A full color version of this figure is available at the *Neuropsychopharmacology* journal online.](npp201738f7){#fig7}
